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Abstract 
T iT  was shown to stimulate the hydrolysis and synthesis of PtdlnsP 2 in dark-adapted bovine retinal rod outer segments. In contrast, 
TC%D P blocked the effect of iy-transducin. It was also demonstrated that Til T was a stimulator of 32p incorporation i to PtdlnsP 2 in 
ROS. These findings explain the modulating actions of GTP and light on PtdInsP 2 hydrolysis and synthesis in ROS. The possible 
existence of cross-talk between the cGMP and phosphoinositide cascades in retinal rods was discussed. 
Keywords: Signal transduction; Rod outer segment membrane; Phosphoinositide metabolism; Posphatydilinositol 4,5-bisphosphate; 13y transducin 
1. Introduction 
Rhodopsin/transducin/phosphodiesterase is  well- 
known biochemical cascade amplifying a primary photo- 
signal in a visual process. The photoexcited Rho switches 
on this cascade by inducing a breakdown of Ta/37 into 
two components, Ta and Tfly, after exchange of GDP for 
bound GTP in Ta [1]. Ta6T P stimulates the activity of 
ROS PDE followed by a decrease in the cGMP concentra- 
tion in cytoplasm, which leads to a closure of cGMP-gated 
cation channels in the plasma membrane and its hyper- 
polarization [1]. Another enzyme activated by light is ROS 
Ptdlns-PLC [2] catalyzing PtdInsP 2 breakdown into InsP 3 
and DG, the second messengers linking a flow of informa- 
Abbreviations: Rho, rhodo]?sin; ROS, rod outer segments; Ta~y, 
heterotrimeric complex of transducin; TaGD P, Ta~-rp, a subunits of 
transducin in a complex with GDP and GTP; Tfly, 13y-subunits of
transdncin; PDE, phosphodiesterase; PKC, protein kinase C; PtdInsP, 
phosphatidylinositol 4-monophosphate; PtdInsP2, phosphatidylinositol 
4,5-bis-phosphate; PA, phosphatydic acid; PtdInsPLC, phospholipase C; 
InsP3, inositol 1,4,5-trisphosphate; DG, 1,2-di-octanoyl-sn-glycerol; G, 
GTP-binding or G-protein. 
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tion from many extracellular signalling molecules 
(hormones, growth factors and neurotransmitters) with the 
targets within the cell [3]. Unfortunately, the role of these 
messengers in vertebrate photoreceptor is still unclear [4], 
though it was shown that IP 3 mobilized Ca 2+ from retinal 
rod discs and other non-mitochondrial rod Ca 2÷ stores [5] 
and DG-activated PKC phosphorylated Rho and ROS PDE 
[6]. 
This means that light sensitivity of IP 3 and DG forma- 
tion in retinal rods could be an indication of the involve- 
ment of phosphoinositide metabolism into light-triggered 
processes closely associated with phototransduction. Sev- 
eral lines of evidence were published to prove that PtdIns- 
PLC was activated by light in frog [7], rat and chicken [8], 
and bovine [2] ROS. Furthermore, it was found that light 
activated PtdInsP 2 hydrolysis in the presence of GTP or its 
non-hydrolyzable analog, but did not influence this hydrol- 
ysis after treatment of ROS with cholera toxin [9]. How- 
ever, according to Gehm et al. [10] and Panfoli et al. [11] 
light does not affect the bovine ROS Ptdlns-PLC activity. 
Heterotrimetric G-protein is a coupling protein for many 
effector systems in the cell controlling their activities by 
its a-subunit [12]. PtdIns-PLC was shown to be also a 
target molecule for this regulatory protein [13]. Current 
evidence suggests that light and transducin in the presence 
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of GTP activate the hydrolysis of PtdlnsP 2 in ROS [9,14]. 
The other view on the mechanism of the light stimulation 
of ROS Ptdlns-PLC is regulation of hydrolysis with ar- 
restin [2]. Not so long ago ample evidence was published 
considering both Gaq~Tp and Tf ly  as the mediators in the 
stimulation of activity of Ptdlns-PLCs of fl family [ 15-18]. 
Therefore, a key question for signal transduction i retinal 
rod was: what precise role have the components of trans- 
ducin, Tc~ and, Tfly, in triggering of light-induced reac- 
tions within the visual cell. 
The present work reports that the light stimulation of 
hydrolysis of PtdlnsP 2 in ROS is not due to Taro P, but to 
Tf ly  action. Moreover, PtdlnsP 2 hydrolysis was activated 
by T/3y even in the dark, but this reaction was inhibited by 
Ta as a consequence of possible reassociation of Ta with 
T/3y to form Taby. It was also shown that light stimulated 
the synthesis of PtdlnsP 2 also in using Tf ly  as a mediator. 
This reaction is catalyzed by a membrane-bound enzyme 
and requires a factor(s) which is weakly bound to retinal 
disc membranes since it is removed uring their hypotonic 
wash. 
Preliminary results were reported by Volotovski et al. 
[19,20]. 
2. Materials and methods 
Bovine eyes were collected from a local slaughterhouse 
and adapted to darkness during 5 h. ROS were prepared 
from the freshly prepared retina on a discontinuous sucrose 
gradient as described by Papermasrer and Drayer [21]. The 
ROS samples prepared were examined by electron mi- 
croscopy. It was subsequently found that ROS in these 
preparations had morphologies of the stacked discs en- 
veloped by a leaky plasma membrane. 
To remove cytoplasmic and peripheral proteins, ROS 
were osmotically shocked, washed three times and sedi- 
mented in low ionic strength buffer containing (in mM) 
Tris-HCl 5 (pH 7.4), EDTA 1, dithiothreitol 2, as was 
described by Kuen et al. [22]. According to SDS polyacril- 
amide gel (13%) electrophoresis, these washed ROS did 
not actually contain any ROS PDE and transducin. The 
same conclusion was drawn from the data on ADP-ribo- 
sylation of Ta by pertussis toxin which was performed 
according to Bornancin et al. [23]. [32 P]NAD was prepared 
as described in Ref. [24]. No radioactivity was found in 
hypotonically washed ROS. In contrast, all radioactivity 
was in the supernatant, indicating a complete Ta removal 
from the discs. This photoreceptor material was designated 
as wsROS (washed and stripped ROS). 
Transducin extracted from ROS by hypotonic wash was 
further purified and concentrated by chromatography on
DEAE-Toyopearl 650M, TSK-3000 and Blue-Sepharose 
according to the technique of Fukada et al. [25] with 
insignificant modifications. 
The content of membranous phosphoinositides was de- 
termined by a 32p labelling procedure. Twenty /xl of 5 
mM ATP (50 mC1/ml [y-32p]ATP) was incubated with 
the membrane suspension (250 /zl) of ROS or wsROS at 
room temperature in the following medium (in mM): 
imidazole-HC1 -20 (pH 7.4), KC1 150, MgC12 -2 ,  EGTA 
0.l, (NH4)3VO 4 0.1. The samples were washed twice 
(20000 × g × 10 min) and resuspended in the same buffer 
solution. 
Lipids were isolated as described by Irvine et al. [26]. 
Separation of individual phospholipids was done by thin- 
layer chromatography on Kieselgel 60 (Merck). 10 × 20 
cm plates with 5-mm silica gel were prerun overnight in a 
solution of 1% potassium oxalate and 2 mM EDTA in 
methanol:H20 (v /v  ratio 2:3) and subsequently air-dried. 
Impregnated plates were heat-activated at l l0°C for 15 
min prior to their use. A 10-20 /xl aliquot of the lipid 
extract was applied to the plate as stains, 3-4 mm in 
diameter, at 2.0 cm from the bottom. Chromatographic 
separation was carried out in a mixture of chloroform- 
acetone-methanol-acetic a id-water (v /v  ratio 
40:15:13:12:8). 32P-labelled lipids were detected by auto- 
radiography for 48 h using a PM-B X-Ray film (sensitivity 
650 R -1). For the assay the radioactive spots were scraped 
into vials containing Bray's scintillation cocktail, radioac- 
tivity was measured with a Mark III liquid scintillation 
counter. 
To differentiate he influence of light on synthesis and 
hydrolysis of ROS phosphoinoisitides, two various ap- 
proaches were used. When light was switched on and 
32 P-labelled ATP was simultaneously added, the increase 
in radioactivity of an individual phospholipid would reflect 
the influence of light on its synthesis. To show the effect 
of light on phospholipids hydrolysis, 32 P-labelled ATP was 
added to the ROS suspension in the dark to saturate the 
lipids by 32p. After 60 min incubation, light was switched 
on and 10 min later the decrease in 32p radioactivity of a 
lipid was measured. 
All procedures with ROS were carried out under dim 
red light illuminations, except for the experiments on light 
effects. For ROS bleaching a 100 W tungsten lamp was 
used. The bleaching of the samples was performed at room 
temperature for 30 s. 
Protein and rhodopsin concentrations were determined 
by the modified method by Lowry [27] and from the 
rhodopsin molar extinction coefficient of 42700 M- 1 cm- 
at 500 nm [28], respectively. 
3. Results and discussion 
During the incubation of isolated ROS in the [y- 
32 P]ATP-containing medium labelled phosphate was incor- 
porated predominantly into PtdInsP, PtdInsP 2 and PA, the 
minor components of the lipid pool. Despite their predomi- 
nance in the membrane the main structural phospholipids, 
phosphatidylcholine, phosphatidylserine and phosphatidyl- 
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Fig. 1. The time course of the 32 F' incorporation i to PtdlnsP 2(1), PtdlnsP 
(2) and PA (3) in dark-adapted bovine ROS. 
ethanolamine incorporated the negligible amounts of 32 p. 
These data are in accordance with those published previ- 
ously by other authors [2,7,10]. 
Fig. 1 shows the time course of 32p incorporation i to 
phosphoinositides, PtdlnsP, PtdlnsP2 and PA, during the 
incubation of dark-adapted ROS with [3,-32 P]ATP. Among 
the phosphoinositides studied, it was the PA that revealed 
the most effective 32 p incorporation. 3zp incorporation i to 
PtdlnsP and PtdlnsP2 was much slower. For all three 
phosphoinositides, the curves reached the plateau in about 
5 min, indicating high veltocity of these reactions in com- 
parison with those for principal membranous phospho- 
lipids of ROS which showed an hour time course. The 
remarkable differences in the velocities of 32p incorpora- 
tion between PA and PtdlnsP 2 can be explained by the 
activities of the enzymes responsible for their synthesis. 
The PA formation from DG was catalyzed by DG-kinase, 
whereas the PtdlnsP 2 synthesis was controlled by phospha- 
tidylinositol 4-monophospate 5-kinase. 
Fig. 2 demonstrates the kinetics of light-induced 
PtdlnsP z hydrolysis in RC)S. The radioactivity of 32 p, once 
incorporated into PtdlnsP 2 and kept in the dark, was 
maintained at a constant level. However, after light switch- 
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Fig. 2. The time course of light-induced breakdown of PtdlnsP 2. The 
concentration of the GTP added was as low as 100 /~M. ROS was 
bleached as described in Section 2. 
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Fig. 3. Effect of light, GTP (100 /xM), transducin (0.02 mg/ml)  and its 
subunits (0.01 mg/ml)  on the PtdlnsP 2 hydrolysis in dark-adapted (A) 
and bleached (B) ROS. The concentration of rhodopsin in the samples 
was 100 p.M. Light and all additions to induce the hydrolysis were used 
after 60 rain incubation of ROS with 32 P-labelled ATP as described in 
Sectio n2. The reaction was stopped in 10 min by addition of 1 ml of 
chloroform-methanol-HC1 mixture (125:250:1). The results are presented 
as means 5: standard errors for triplicate assays. 
ing on in the presence of GTP, a rapid drop (by 60%) in 
the radioactivity was registered within not longer than 1 
min. Subsequently, a slow decrease in the radioactivity 
was observed during next 10 min. It means that light 
induces a breakdown of PtdlnsP 2, presumably activating 
Ptdlns-PLC as it was shown previously. Moreover, this 
effect was found to be closely associated with transducin 
[9]. 
The influence of light, Ta and Tfly on the PtdlnsP 2
hydrolysis in dark-adapted and bleached ROS is shown in 
Fig. 3a,b. The amount of PtdlnsP z in dark-adapted ROS is 
decreased after adding GTP and Tfly. On the contrary, 
Taffy, when added to ROS in the dark without any GTP, 
did influence the 32p incorporation to a smaller extent han 
Tfly. Tc%D P slightly inhibited the stimulation caused by 
GTP and did not exert any stimulating effect on the 
PtdlnsP 2 hydrolysis when it was added to ROS in the dark. 
These facts mean that the stimulator of PtdlnsP 2 hydrolysis 
is Tfly (Fig. 3a). Therefore, the PtdlnsP 2 hydrolysis was 
enhanced by Tfly even in the dark, and light-induced 
stimulation was reduced in the presence of GDP-liganded 
Ta. In contrast, Taffy did not reduced the stimulating 
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effect of light as compared with the effect of Ta. In fact, 
both illumination of ROS suspension and light with GTP 
mimic the action of Til T stimulation of the PtdlnsP 2
hydrolysis (Fig. 3b). Moreover, the addition of Til T, but 
not of Ta, to bleached ROS did not lead to a decrease in 
the hydrolysis. 
The light stimulation of PtdlnsP 2 hydrolysis can be 
explained by dissociation of Taft3, into two components, 
Ta and Til T, under the action of bleached rhodopsin and 
GTP. In the presence of GTP an additional increase in the 
light stimulation of the PtdlnsP 2 hydrolysis was detected 
(Fig. 3b) since exogenous GTP facilitated the complete 
breakdown of Taffy and Ti l t  formation which occurred 
after the ROS illumination and exchange of GDP for GTP 
in TaGDP complex [1]. On the contrary, Taro P inhibited 
the activating effect because it bound Tffy to reassociate 
Taffy. The addition of Til T to the suspension of bleached 
ROS resulted in additional stimulation of the hydrolysis as 
compared to the light effect (Fig. 3b). The efficacy of 
light + GTP on hydrolysis timulation was higher than that 
of light + Ti l t  (Fig. 3b, columns 3 and 4), since the 
amount of endogenous Til T was sufficient to attain a 
saturating effect. Actually, the Rho concentration i  the 
samples was about 100/zM and that of endogenous trans- 
ducin was 10 /xM as the exogeneous Tffy concentration 
was as low as 0.25 /zM. 
The action of Tffy on PtdlnsP 2 hydrolysis in ROS is 
consistent with the data by Camps et al. [15,16], Katz et al. 
[17] and Carozzi et al. [18] Camps et al. [15] have shown 
that both Gi l t  and Ti l t  stimulated Ptdlns-PLC activity 
(presumably PLCff 2) derived from HL60 cells. A similar 
effect was observed with the solubilized enzyme [15]. Til T 
was also reported to stimulate phospholipase A 2 in ROS 
[29]. 
Fig. 4 presents the influence of Tffy concentration on 
the PtdlnsP 2 hydrolysis in dark-adapted ROS. All condi- 
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Fig.  5. The t ime course o f  the 32p incorporat ion into PtdlnsP 2 in b leached 
ROS. To induce the synthesis, ATP was used (see Section 2). Simultane- 
ously, when light was switched on, all additions were added. In 20 min 
the reaction was stopped by addition of chloroform-methanol-HCl mix-
ture with the ratio mentioned in the legend to Fig. 3. The results are 
presented asmeans_ standard errors for triplicate assays. 
tions for this experiment were as described in Fig. 3 
legends. Using the curve obtained, the ECs0 for the 
PdtlnsP2 hydrolysis was estimated to be 1.25.10 -7 M, 
which is consistent with the ECs0 determined for PLCff 2 
stimulation as opposed to the stimulation of PLCff I by 
nM concentration of Gaq [30]. Moreover, this ECs0 was 
similar to the concentration of T i l t  required to control 
bleached Rho-catalyzed binding of GTP to Ta [31]. Thus, 
both Ta and Ti l t  appear to be involved in light regulation 
of the activity of the appropriate nzymes, PDE and Pt- 
dlns-PLC. 
To study the influence of light, GTP, Ta and Ti l t  on 
the PtdlnsP 2 synthesis, either ROS or wsROS were used. 
As stated above, wsROS avoided any kind of cytoplasmic 
(mostly Ptdlns-PLC) and disc peripheral membrane pro- 
teins. ADP-ribosylation of wsROS by pertussis toxin did 
not also show the presence of membrane-bound Ta. 
The amount of 32p incorporated into initially unlabeled 
PtdlnsP 2 under these conditions indicated the level of the 
synthesis of a phosphoinositide. Fig. 5 shows the time 
course of 32p incorporation into PtdlnsP 2 in illuminated 
ROS. The curve observed reflects two processes occurring 
in the membranes under light conditions, the synthesis of 
PtdlnsP 2 and its hydrolysis induced by light as discussed 
above. Because of different rates of both reactions, the 
curve has a complex form. At the early stages the increase 
in 32p incorporation was observed that was changed first 
by a small drop and then again by high increase. In 15 min 
of the registration the third significant increase in 32p 
incorporation was registered. It should be noted that such a 
time course of 32p incorporation i to PtdlnsP 2 under light 
conditions was observed many times. 
The illumination, GTP and Tffy, but again not Taao p 
or Taffy, stimulated PtdlnsP 2 synthesis in intact ROS as 
compared with dark control (Fig. 6a). Absolutely different 
results were obtained with wsROS (Fig. 6b). The effect of 
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Fig. 6. Effect of light, GTP (1013 /xM), transducin (0.02 mg/ml) and its 
subunits (0.01 mg/ml) on PtdlnsP 2 synthesis in ROS (A) and wsROS 
(B). The conditions were kept as described in the other figure legends. 
light stimulation disappeared and neither GTP nor Tffy 
stimulated 32p incorporation i to PtdlnsP 2. The compara- 
tive analysis of data presented in Figs. 3 and 6 shows a 
difference in the degree of Tffy modulation of PtdlnsP 2
hydrolysis and synthesis (65% and 400%, respectively). It 
means that Tffy appears to stimulate two different arget 
enzymes responsible for both hydrolysis and synthesis of 
PtdlnsP2, PtdlnsPLC and phosphatidylinositol 4-mono- 
phosphate 5-kinase. It also seems likely that Tffy could 
stimulate a previous (before PtdlnsP) step of PtdlnsP 2
formation since the 32p incorporation i to PtdlnsP was also 
under control of light. But this stimulation was negligible. 
Another important conclusion which comes from the data 
on the 32p incorporation i to PtdlnsP 2 in wsROS is that 
the enzyme catalyzing this reaction is strongly membrane- 
bound. Actually, 32p inco!rporation i to PtdlnsP 2 was ob- 
served after the wash of all peripheral proteins out of the 
disc membrane. However, the stimulation of this enzyme 
by Tffy appears to be related to a factor(s) removed uring 
the hypotonic wash of R(3,S, after which neither light nor 
Tffy reveal any stimulating action on the PtdlnsP 2 synthe- 
sis (Fig. 6b). 
Fig. 7 shows the dependence of the 32p incorporation 
into PtdlnsP 2 on the Tffy concentration. As in the case for 
hydrolysis, the ECso for stimulation of 32p incorporation 
into PtdlnsP 2 was about 2.5. 10 -7 M, which is also con- 
sistent with the sensitivity of the effector PLC to the 
stimulatory action of Tffy [15]. What must be emphasized, 
however, is that Tffy stimulation of PtdlnsP 2 hydrolysis 
and synthesis did not occur when the ROS suspension was 
saturated by Taro e and, thus, was not a factor in these 
situations. 
Although the initial aim of this study was not to eluci- 
date the relationship between phototransduction and phos- 
phoinositide pathways, we had to discuss incidentally the 
possible interactions between them. The present results 
suggest hat Tffy was involved in the light-dependent 
regulation of enzymes controlling the formation and break- 
down of PtdlnsP 2. Thus, light through dissociation of 
Taffy into Ta and Tffy was capable of influencing the 
cGMP and phosphatidylinositide pathways, respectively. 
The hydrolysis of PtdlnsP 2 generated two second messen- 
gers, InsP 3 and DG to mobilize Ca 2+ within the visual cell 
and to activate protein kinase C. The Tffy involvement 
into the PtdlnsP 2breakdown also explains why the hydrol- 
ysis reaches only a certain level. The reason is that TaGD P 
was formed after GTP hydrolysis in Ta. It is tempting to 
speculate that the affinity of Til T for TaGD P is much 
higher than that for PtdlnsPLC. After the PDE activation, 
the TaGD p formed appears to fulfill the function of termi- 
nating the PtdlnsP 2 hydrolysis. If this is the case, Taffy 
can be considered as the crucial point at which a primary 
signal from rhodopsin is splitted into two signals to take 
part in the light activation of two enzyme cascades with a 
possible cross-talk between them. This is very likely, 
following the phosphorylation f rhodopsin and ROS PDE 
by protein kinase C, as recently indicated [6]. Furthermore, 
Tfly appears to induce through InsP 3 a release of Ca 2+ 
from the internal stores to control indirectly guanylate 
cyclase activity and, consequently, the light adaptation of 
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the visual cell. Perhaps, a role of the Ca 2+ stores may play 
the retinal discs since the calcium concentration is thought 
to be high within the discs[32-34]. Rotto et al. [35] found 
that the discs contain up to 13% of the total dye in 
Fura2-1oaded rod outer segments. Moreover, the disc 
membrane is likely to contain Ca2+-dependent ATPase 
which facilitates the Ca 2+ accumulation i the retinal discs 
[36,37]. 
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